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FOREWORD

This final report was prepared by SRS Technologies under Contract No. NAS8-37743, entitled
“Telerobotic On-Orbit Remote Fluid Resupply System", for the George C. Marshall Space Flight Center
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Optical Systems Division with Ms. Pamela Nelson as Project Manager.
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1.0 INTRODUCTION

This final report describes the development of a telerobotic on-orbit fluid resupply
demonstration system, performed under contract NAS8-37743. The primary objective of this
contract was to provide a fluid transfer demonstration system which would functionally simulate
operations required to remotely transfer fluids (liquids or gases) from a servicing spacecraft to a
receiving spacecraft through the use of telerobotic manipulations. The fluid system is
representative of systems used by current or planned spacecraft and propulsion stages requiring
on-orbit remote resupply. The system was integrated with an existing MSFC remotely controlled
manipulator arm to mate/demate couplings for demonstration and evaluation of a complete remotely
operated fluid transfer system. The fluid transfer system that was delivered to MSFC is shown in
Figure 1.0-1.

Figure 1.0-1. Fluid Transfer System

This fluid transfer system has the ability to measure and record forces and moments
imparted to both servicing and receiving interfaces by the Protoflight Manipulator Arm (PFMA)
during the conduction of remote servicing operations. The location of the PFMA end effector can
be determined and recorded for all transfer operations to establish an operating envelope for the
arm. Operator skills can be evaluated based on time required to accomplish tasks, minimum loads

1
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generated, the operational envelope required, and the minimizing of operational errors. This data
can be used to evaluate the capability of a telerobotic system in the performance of typical tasks
required for on-orbit fluid transfer.

The objective of this effort was accomplished through the performance of the technical
approach, depicted in Figure 1.0-2.
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2.0 FLUID TRANSFER SYSTEM DEFINITION

The following sections describe requirements that governed the operation, design and
concept definition of the Telerobotic On-Orbit Remote Fluid Transfer Demonstration System.
Information regarding space fluid transfer, PFMA test bed capabilities and constraints, and data
acquisition and control requirements were synthesized in order to define the fluid transfer system's
baseline requirements. These baseline requirements were used to develop analytical computer
models for forming the system concept definition and performing analysis of system hardware.

2.1 Operation and Design Requirements

The fluid system is representative of actual systems used by current or planned spacecraft
arid space-based propulsion systems and utilizes the existing PFMA/Remote Manipulator Test Bed
(RMTB) at MSFC for demonstrating mating and demating of some specially designed fluid
coupling end effector tools. The system incorporates a means for PFMA operational task
performance evaluation through the measurement of forces and moments imparted on the
instrumented task panel by the PFMA and the tracking of the PFMA's end effector tool used,
during fluid transfer operations. The objectives were accomplished by defining and evaluating :
fluid servicing requirements, defining and specifying fluid system hardware requirements
consistent with PEMA capabilities, and providing specifications, operations and data requirements
to completely define a fluid transfer demonstration system. The information was used to fully
characterize viable on-orbit fluid transfer systems to provide an understanding and data base for
concept definition of a ground-based remotely operated fluid transfer demonstration. Although
primary emphasis was placed on characterizing remotely operated systems, those planned for
manned operation were evaluated for their potential application to remote operations.

2.1.1 Space Fluid Transfer Requirements and Operations

, ‘With the recent identification of Space Station Area Traffic Control restrictions, the
| importance of Orbital Maneuvering Vehicle (OMV) and Orbit Transfer Vehicle (OTV) operations
has greatly increased. Remote fluid resupply operations in conji_mction with these telerobotic space
vehicles will be numerous. In addition to the fluids resupply requirements, the OMV, OTV, and
other upper stage propellant requirements alone show the criticality of this technology in the future.
Shown in Figure 2.1-1 is a summary of fluid storage/transfer requirements and accommodations
needed to satisfy the fluid replenishment requirements of potential stages and spacecraft.

The OMY requirements for fuel and pressurant storage dictates the need for a fluid storage
depot on the Space Station. To minimize risk, a requirement exists to fully automate the process
with robotic or teleoperated umbilical quick disconnects for fluid transfer operations. Similar
requirements for the OTV supports the need for a cryogenic storage and transfer facility.
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Scheduled retrieval of satellites from operational orbits and their return to the Space Station for
resupply of expendables including propellants, pressurants, and instrument cooling fluids also
drives the Space Station requirement for fluid storage and transfer capabilities.

IOrbital Manauvering Vehlcle'

¢ DELIVER BI-PROPELLANT (MMH-NTO), * BERTHING OF OTV AT DEPOT
PRESSURANT (He),AND COLD GAS (N,) * FLUID DEPOT TO STORE/TRANSFER
TO SPACE STATION PROPELLANTS,PRESSURANTS,AND

¢ FACILITY STORAGE AND TRANSFER COLD GAS

¢ FLUID TRANSFER TO OMV, MEASURE MASS * AUTOMATED,ROBOTIC ARM,QUICK
TRANSFERRED,RESIDUALS CONNECT/DISCONNECT FOR TRANS-

* MONITOR/CONTROL LEAKAGE FER OPERATIONS

* OPERATIONAL SAFETY * LEAK DETECTION AND CONTROL

* VENT GAS RECLAIMATION AND
CONTROL

* CLEANUP EQUIPMENT

‘ Orbit Transter Vehicle '

DEUVER CRYOGENS,PRESSURANTS BERTHING OTV AT DEPOT
FACILITY STORAGE AND TRANSFER FLUID DEPOT TO STORE/TRANSFER

¢ FLUID TRANSFER TO OTV,MEASURE CYROGENICS AND PRESSURANTS

MASS TRANSFERRED,RESIDUALS ¢ AUTOMATED ROBOTIC ARM,AUTOMATED
¢ MONITOR/CONTROL LEAKAGE CHILL DOWN OF RECEIVER TANK, FLUID
* OPERATIONAL SAFETY TRANSFER QUICK CONNECT/DISCONNECT

* VENT GAS RECOVERY AND CONTROL
¢ LEAK DETECTION AND CONTROL
» CLEAN UP EQUIPMENT

I Satellite/Spacecraft '

* DELIVER STORE PROPELLANTS, ¢ BERTHING AT DEPOT
PRESSURANTS,INSTRUMENT FLUIDS * SPACECRAFT PROPELLANT,PRESSURANT

* TRANSFER TO VEHICLES, MEASURE INSTRUMENT FLUIDS STORAGE/RESUPPLY
AMOUNTS DELIVERED AND RESIDUALS FOR REPLACEMENT OF SPACECRAFT FLUIDS

¢ CONTROL AND MONITOR LEAKAGE * FLUID TRANSFER INTERFACE MECHANISMS

* OPERATIONAL SAFETY ROBOTIC ARM

* VENT GAS RECOVERY/ CONTROL.
* LEAKDETECTION/CONTROL

Figure 2.1-1. Fluid Storage/Transfer Requirements and Accommodations

The OMYV requirements for fuel and pressurants dictate the need for a storage depot. Due
to the hazardous nature of the propellants, a fully automated process with robotic or teleoperated
devices with quick connect/disconnect fluid couplings is highly desirable. Measurement and
display capabilities are required to determine the amounts of fluid transferred and the residuals
remaining. Due to the toxic and corrosive nature of storable propellants, leakage must be
essentially nonexistent and monitoring equipment must be used to assure no leakage or
contamination occurs during storage or transfer operations. In addition to the automated transfer,
monitoring equipment is required for visual observation.

Although OTV fueling requirements mandate similar cryogen storage and transfer needs,
there are significant differences in hardware and operational requirements. For example, transfer
of bipropellants can be done with ullage control utilizing small bladders in the transfer tanks.
Transfer of cryogenics in zero-g requires the use of surface tension devices to ensure liquid is at
the transfer pump inlet and vapor is at the receiver tank vent.

4
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2.1.2 PFMA/Remote Manipulator Test Bed Capabilities and Constraints
The capabilities and constraints of the PFMA were analyzed to ensure that fluid transfer
concepts derived are compatible with its capabilities. The PFMA is a single arm, robotic with

seven degrees of freedom. This device is an up-rated derivative of the Integrated Orbital Servicing

System and has a greater kinematic range capability and an additional degree of freedom. The

PEMA''s design was optimized for radial and axial servicing tasks. A schematic of the PFMA and

a listing of its major capabilities/constants are shown in Figure 2.1.2-1.

PFMA DEPLOYED CONFIGURATION

MAXIMUM TORQUE RESISTANCE OF WRIST ROLL ASSEMBLY: 25-30 fi-lbs

MAXIMUM UFT WEIGHT: 10 iba?

MAXIMUM SQUEEZE FORCE OF JAWS: 15.40 [bs?

WIDTH OF JAWS: 3.25 inches

ELECTRICAL CONNECTOR: FEMALE CONNECTOR FOR SELF ALIGNING PROBE.TYPE MALE
SHOULDER PITCH: 180-200° (+90-100 from vertical)

ELBOW PITCH: 283° (+110, -173 from stralght)

WRIST PITCH: 180° (190 from stralght)

SHOULDER YAW: 400° (+200° from forward)

TORQUE FOR EACH JOINT OF THE PFMA

SHOULDER ELBOW
ROLL PITCH iz
(1046 omy
WRIST YAW
” WRISTROLL
Y N
] - H hd oo M}:—
/ < / \Ing
/\ VL L 7 7721
WRIST
PITCH
SHOULDER PITCH
20
SHOULDER YAW (60.96 omy
"
(171.920m)
.
(121.920m ;
END EFFECTOR
30
(MAdem
— TS
]
F2.28" }
(9736 am 15 < 110,63
(45.720m) (57.480my
RAISED FLOOR 10.25"
(26.03 omy
- |z
— e - - ——

(2006 cm)

{573 COUNTERBALANCES FOR GROUND USE

WRIST YAW: 180° (+ from horizontal)

WRIST ROLL: CONTINUOUS

MAXIMUM EXTENDED REACH: 9.9 fest 3

NOTES:

{1) FOR PFMA/EE CONFIGURATION ITB WEIGHT MUST BE SUBTRACTED FROM 10 ibs
(AS WELL AS TOOL AND PAYLOAD)

{2) MAY BE INCREASED TO 100 ibs

(3) FROM VERTICAL CENTERLINE OF SHOULDER TO TIP OF IEE

SCALE FACTORS FOR THE RATE OF EACH JOINT
OF THE PFMA

SCALE FACTOR AT SCALE FACTER AT
+1.00 V INPUT -1.00 VINPUT
JOINT AVERAGE TIP FORCE (ib.) TORQUE (ft-b.) . JOINT {"/secivolt) (*/secivolt)
SHOULDER YAW 12.50 120.50 SHOULDER PITCH 2034 -1.934
SHOULDER PITCH 12.28 118.10 SHOULDER YAW 1.510 -1.280
ELBOW PITCH 11.00 62.00 ELBOW PITCH -2.660 . 2334
WRIST PITCH 9.00 14.70 WRIST PITCH -10.000 11.860
WRIST YAW 14.00 1810 WRIST YAW 2850 -2.500
WRIST ROLL 10.50 870 WRIST ROLL 1278 -1.308
860120JohnC1120

Figure 2.1.2-1 PFMA Characteristics
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2.1.3 Electronic and Electromechanical System Requirements

In order to evaluate the capability of the telerobotic system in the performance of the typical
tasks required for on-orbit fluid transfer, the fluid transfer system incorporates various sensors and
a data acquisition and control system. The electronic/electromechanical system was required to
include a three-dimensional target tracking system, a three-dimensional force and moment
measuring system, and required electronic and electromechanical equipment needed to monitor and
control fluid flow throughout the system.

The three-dimensional target tracking system is used to define the location of the PEMA
end effector in reference to a chosen origin. The three-dimensional force and moment measuring
system was required in order to determine the forces and moments imparted on the instrumented
task boards in which the fluid transfer connectors are mounted, during telerobotic fluid transfer
operations. Actual fluid system tank pressures, transfer rates, transfer times, etc. were evaluated
to estimate the required line sizes, stiffness, lengths, and tanks size/configuration for the fluid
transfer system. Flow rates for the demonstration transfer system are within the flow/pressure loss
capability of the fluid connectors used.

2.2 Fluid Transfer System Concept Definition

This task provided the analysis, design, and systems integration required to develop a
concept definition for a remotely operated fluid transfer system demonstration in one-g. The basic
components and subsystems were defined to provide a viable representation/simulation of a fluid
transfer operation representative of planned propulsion and/or spacecraft on-orbit remote fluid
transfer systems. The results of synthesis and evaluation of requirements and actual system
hardware characterization were utilized in the definition of system design, operations, test, and data
requirements. PFMA/RMTB capabilities and constraints were applied in the concept definition to
assure compatibility with the fluid system definition, available end effectors, and connectors.

In order to eliminate the hazards of transferal of actual propellants and gases used for
powering satellites and various other orbiting vehicles, water was selected as the best
representative fluid for liquid propellant and air was selected as best candidate for the gas
pressurant. Also, a measurement system for determining the three-dimensional forces placed on
the test article and the three-dimensional position of the PFMA end effector relative to the test
article was defined.

The fluid transfer demonstrator is configured to simulate typical servicing and receiving
spacecraft fluid systems. The system consists of a supply station and a receiver station as shown
by an earlier artist conceptual drawing in Figure 2.2-1.
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Figure 2.2-1. Fluid Transfer System Conceptual Definition

2.2.1 Liquid Spherical Tank Concept and Stress Analysis

In order for the fluid transfer demonstration system to be representative of the actual system
used by current or planned spacecraft and space-based fluid transfer systems, spherical tanks
utilizing bladders were chosen to be used as the system's liquid storage vessels. These tanks
consisted of two thermoformed hemispherical sections mounted together by flanges located around
the base of each section. A section of the fluid transfer sphere, as shown in Figure 2.2.1-1, shows
the parameters of the static pressure equilibrium analysis. This general hemispherical section was
analyzed in order to define the parameters governing the design of the transparent spherical liquid
tank used in the fluid transfer system.

\/

- 2
IIDtS ¢ T B%Dg_ = [IDtS;
0 D
PIID where: P = Pressure (Ibs/in2)
4 D = Internal diameter of sphere (in)
R t = Material thickness (in)

S¢ = Allowable stress (Ibs/in2)

A

Figure 2.2.1-1. Hemispherical Section of a Spherical Liquid Tank
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The material selected for fluid spheres was clear acrylic because of its transparent property,
for viewing fluid transfer operations, and its good mechanical properties. The spheres were
thermoformed in two halves with mating flanges. The mechanical properties of acrylics are high
for relatively short-term loading. High stresses can be sustained safely for short periods, since the
relatively low modulus causes a redistribution of stresses. For long-term service, however, tensile
stresses must be limited to avoid crazing or surface cracking.

The computational analysis was based upon a stress level that would insure a factor-of-
safety (FS) of 2. With this FS the material thickness (t) could be sized for operating pressure
levels (P). Design pressure of 10 to 15 psi was specified for the water tanks. A fluid storage of
approximately 5 gallons of water was chosen as the capacity of the storage sphere, to provide one
minutes of transfer time at 5 gal/min. In order to determine the required diameter and wall
thickness, the following equation for the volume ofa sphere was used.

=31R3= in3 SV = 231 in3
\'% 4HR 1155 in where: V=(5 gallons)(g allon)

From this equation, the radius of the sphere (R) is 7.9 inches and the diameter (D) of the sphere is
15.8 inches. A 16 inch diameter spherical tank was chosen for the design due to its availability. .
Therefore, with a 16 inch diameter spherical acrylic tank and the allowable stress (St) set at 600 psi
(1500/2.5 [where FS = 2.5]), the wall thickness (t) was calculated from the equation for static
equilibrium, shown in Figure 2.2.1-1, and found to be 0.333 inches.

2.2.2 System Flow and Pressure Analyses for Conceptual Designs

The following analyses provided estimates of transfer flow rates and operating pressures
for the air and water tanks used in the fluid transfer demonstration system. Pressure (flow)
regulators are provided in the lines between the storage and transfer tanks. These pressure
regulators allow the flow and transfer times to be adjusted to the required settings. Flow analyses
provide upper values for operating pressures, and estimates of line pressure losses to assure that
the system will provide a sufficient flow range. The actual transfer time can be adjusted with the
pressure regulator.

The Purolator fluid connector used has a liquid (water) transfer rate of 5 gallons/minute,
which is considered sufficient for a demonstration of fluid transfer. The coupling is sized for a
nominal 1/2 inch fluid line. The fluid transfer line from the fluid supply tank to the fluid receiver
tank is a flexible hose assembly 25 ft. in length with pipe threaded end fittings. The hose is a
general purpose type, rated at 250 psi working pressure and 1000 psi minimum burst pressure.
The hose has a nominal inside diameter of 1/2 inch and an outside diameter of 3/4 inch. The hose
has an inner tube of neoprene, a fiber band over this, and a cover of neoprene overall. Weight of
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the hose is 13 1bs per 100 ft. Hose ends are brass, straight pipe threads (1/2 - 14) with a fluid
passage opening of 0.391 inches.

According to manufacturer's literature, for a 25 ft. length of this hose, at a flow rate of 6
gpm of water, the pressure loss is 8.75 psi. The flow circuit between the fluid supply and storage
tank contains a Purolator connector, hose, and four solenoid valves. The solenoid valve pressure

losses are assumed to be 0.2 velocity head each. The liquid transfer system K factor is calculated
as shown below.

K =_AP _ __ AP
pVZ2g pl (ﬁ—) ’A

The total K factor was calculated as follows:

K = [Ke + K, + K, (%;)2] = [1378 + 12 + G42) &2?] = 206

where: K, is the K factor for the hose

Ky is the K factor for the valves

Kp is the K factor for the Purolator connector
By solving the initial equation for ® and substituting in the total K factor, a plot of the flow rate -

verse the difference in pressure was developed and is shown the Figure 2.2.2-1.

6.5

6.0

55

5.0+

wgpm)

4.5 -

4.0

35

i v 4 v I v 1 v i ¢ T v ] '
7 8 9 10 11 12 13 14
AP (psi)

Figure 2.2.2-1 System Flow Rate vs. Difference in Pressure

5

By regulating the supply pressure to the liquid storage tank to approximately 9.5 psig, a
flow between the two tanks of 5 gpm can be provided. To assure ample margin for the regulator,
the tank was designed for a working pressure of 50 psi.

9
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The initial pressure required for the air supply tank is estimated as follows:

PiVy = Pr (Va3 +Vy)
where: P; = initial tank pressure Va = volume of air tank = .47 ft3 (dia. = 14 in.)
Pg= final pressure in both V¢ = volume of liquid tank = .70 ft3 (dia. = 16 in.)

gas and liquid tanks = 24.5
Solving for P;:
P; = %75 (47 + 770) = 60.98 psia = 46.28 psig

The working pressure for the gas storage tank was set at 90 psi. Since the volumetric flow
rate of air (Q,) into the liquid storage tank equals the volume flow of water out of the tank, then:

- 5x834 _ 3
Q. 625 .67 ft°/min

Since there is a shut off valve and pressure regulator in the three feet long 1/4" line between the air ‘
and water tanks, the air flow velocity can be determined as follows.

= 93 = .67 = 8.2 ft/sec
A 136x103x60

From this value the Reynolds number was calculated to be:

= 2383

R =p Dv _ (.1662)(.25/12)(8.2)(3600)
H .0429

The flow is transitional, and the line pressure loss is estimated as:

Ap—fL f = .04

= (.04)(3) (.1662)(8.2)%

- 3
021) (6adyiaa) - 0-88x107psi

Therefore, the gas side pressure loss for this small flow is negligible.

The gas transfer is made through the Fairchild Connector. With the supply gas bottle
initially at 90 psia and the receiver gas bottle initially at 10 psia, the final bottle pressure will be
approximately:

Ps = %1 = 50 psia = 35.3 psig

10
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The pressure loss for a 25 feet, 1/4 inch inner diameter pipe was calculated to be 0.15 psi,
and the additional pressure loss due to the Fairchild valve is small. Consequently a flow control
valve in the line allows the flow to be set to the proper value to obtain a one minute transfer. Other
transfer times can be obtained by adjusting these valves.

The preliminary design of the liquid tank is shown in Figure B-1, in Appendix B. This
conceptual design was updated due to computer model analysis, as described later in the system
design section, and limitation of available manufactured acrylic spherical tanks.

2.2.3 Concept for Remote Detection of Fluid Connector Leakage

Prior to initiating an on-orbit fluid transfer operation, it is necessary to verify that the fluid
transfer connectors are capable of accommodating the transfer without excessive leakage. The
concept for verifying the integrity of the remotely operational connectors is described in this
section. The purpose of this system is to identify and quantify leaks that are large enough to
preclude transfer operations. The purpose is not to verify specification leakage for the connectors.
Leaks large enough to preclude transfer are dependent on the fluid to be transferred and the
sensitivity of the surroundings to contamination or other undesirable effects. This system relies on _-&
the measurement of helium leakage and the correlation of this leakage to the leak rate of the fluid
being transferred. Although the precise relation between helium and transfer fluid leakage must be
determined by testing each connector, an approximation can be made using orifice flow
correlations. Depending on the fluid being transferred, considerable helium may leak before
appreciable transfer fluid leaks. The magnitude of helium leakage that signifies the inception of
transfer fluid leakage was determined by testing each connector with helium and the candidate
transfer fluid. The system described here is to provide a concept demonstration and is not intended
to meet flight requirements specifically in the areas of single point failures, redundancy, etc.

Solenoid valves are used to isolate each connector to allow pressurization of the connectors
with helium. The basic approach is to isolate a volume of helium and measure the pressure decay
to determine the leakage rate. The volume to be isolated contains the connector, line and isolation
values. This volume was determined by the actual measurement of each components volume.
This approach relies on sealing all leak paths except the connector. In a flight system, redundant
isolation valves would be employed to accommodate this, and to eliminate single point failures.

The fluid transfer demonstration system relies on the measurement of helium leakage and
correlation of air and water leak rates with helium leakage. Assuming the leakage through the
connector to be similar to that through an orifice, the mass flow can be related to mass density and
the pressure loss through the orifice.

1) w = kVpi(P1 - P3)

11
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where: p: fluid density

[0}

w: mass flow rate »

P: pressure where: (Subscripts 1 & 2 are upstream and downstream conditions.)

k: 1is dependent on the geometry of the leak and to a lesser extent the properties of the
fluid.

Rearranging Equation 1,

.2 2
2) P - Py = AP = W _ P1Q

sz1 K2

Using Equation 2 for equivalent pressure loss and k values the volumetric leakage of air can be
related to helium.

3) Q = "p“ Qute

If both gases are at the same temperature and pressure:

4 Qu = 4/ X qy

where: My, = Molecular weight of the helium = 4
M, = Molecular weight of the air = 28.96

Q. = 38.96 Que = 0.372 Qge

Therefore, about three times more helium will leak through an opening than air at equivalent
pressures and temperatures. Since water is an incompressible fluid, and helium is compressible,
the compressibility effects are introduced as follows:

5) WHe=K Y. Ypge (P1 - P2)

AP = pHe Q%e
(K YHe)2

where: Yye = Compressibility effect for Helium = 0.8
For water, the change in pressure is

PHO0 ~2
AP = K22 Q0

where the compressibility factor for water is 1.

12
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The relation between water and helium leakage is:

7) QHzO = @ %{82
For helium at 15 psia and 80°F
— 15x 144 -
8) Pre = eeansany ~ 01

The leakage rate of water compared to helium is therefore:

o = /0L -
9 Quo = Y22 ole Que = 0159 Que

The helium leak is about 63 times as great as water for these conditions. This difference in the
leakage rates allowed for finer adjustment and calibration of the leakage detection system.

The concept for leak checking the fluid transfer connectors is to pressurize the connector
with low pressure helium in a known volume, monitor the pressure decay rate, and evaluate the
information. Assuming the temperature is constant and the ideal gas law is applicable.

- _V dP
10V = 2T &

where: P, T, V, and R are pressure, temperature, volume, and gas constant, respectively.

1) w = pQ = £-Q
y = Y. dP
Q=34

For a constant volumetric leak rate "Q" Equation 12 can be integrated, as shown below.

13)0=-Y ok
At Pi

The time required to monitor a given leak rate for a given pressure ratio is determined by:

Pt

14) Q = -6 In P,

This shows that small volumes and large leaks give the largest pressure differences for a given
time.

For a given leak rate of air or water, helium leaks considerably more. The use of helium
gas has the advantage of reducing the time required for the pressure to decay for a reasonable
pressure measurement. If helium were used with a volume of 3 in3 and 10% change in pressure
with an air leak of 10-3 ccs, the observation time would be as follows:

13
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3
At = B @A5) (372) | 5730y = 3225 min
60 x 103

The same case for a water leak of 10-3 ccs would give

3
At = B @33 (02D ) 5730) - 182 min
60 x 1073

Since the purpose of the remote leak detection system is to detect leaks large enough to
preclude transfer of fluid, and not to verify spec.'s leakage, the time required to detect larger leaks
with this design is considered acceptable.

2.24 Concept for PFMA Operator Evaluation System

' In order to evaluate the PFMA operator, concepts were defined that allow the measurement
of forces and moments during the mating/demating operations and determines the three-
dimensional location of the PFMA end effector during fluid transfer operation. The forces are
measured by mounting the connectors in a frame that is supported at four locations by cantilever
force beams, allowing for all of the forces and moments applied to the connector to be measured. .
The torques and forces at any location on the test article can be determined from the measured
values and displayed in real time and/or recorded as indicated. This conceptual three-dimensional
force measurement system is shown on the following page in Figure 2.2.4-1. The resupply station
is equipped with a three-dimensional target tracking system that allows the PFMA operator to
know the precise coordinate or location of the PFMA end effector tool in reference to the task
board. The three-dimensional information, can be determined by placing each two-dimensional
position sensor equal distances from a chosen origin on perpendicular planes from each other the
relative position of the PFMA end effector during the mating operation can be determined.

Y” Z3 About X - X Axis
g€ > 2. Mcwx = (Fz3) (L3) + (-Fz4) (La)
7 2 Mccwx = (-Fz3) (L) + (Fz4) (La)
Z . About Y - Y Axis
+ 92 CL 1
Z 2 Mcwy = (Fz3) (L) + (-Fz1) (L)

22
~ Ln\&% 2 Mcewy = (Fz1) (L) + (-Fz2) (L)
About Z - Z Axis

N

X

1
[__'si_.__
i

N

-22 _
Y% ~—a—— 2 Y 2 Mcwz=L [(Fx3) + (-Fx4) + (Fy2) + (-Fy1)]
% X Mcewz =L [(Fxa) + (Fxa) + (-Fy2) + (Fyn)
ll | & NOTE:
XK, ey « L's are the length along the center line from the origin = constant
/ X * (+,-) indicates sensor voltage output from strain gauge network
2y Y « Bearings about shafts X-X & Y-Y prevent axial shaft loading

Figure 2.2.4-1 Conceptual Force Measurement System
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3.0 FLUID TRANSFER SYSTEM DESIGN

The fluid transfer demonstrator is configured to simulate typical servicing and receiving of
spacecraft fluid systems. The system consists basically of two identical stations: a supply station
and a receiver station. Liquid or gas is transferred from supply to receiver station. In the reverse
mode, the liquid may be transferred bi-directionally from the receiver to the supply tank by
pressurizing the gas receiver tank and valving off the gas supply tank. To facilitate the flow, the
Purolator coupling is used for liquid transfer and the Fairchild connector is used for gas transfer.
Each station will facilitate operation of the coupling (mate/demate) from a square task panel. The
supply station is provided with a Purolator and a Fairchild storage receptacle for storing the male
halves of the coupling devices. The receiver station is provided with both female halves of each
coupling. Both the supply and receiver panels are instrumented to measure forces and torques
exerted upon the panel by the PFMA, through the application of "joy stick" type strain gauge
instrumented beams. These instrumented beams provide an analog output, measuring forces in the
X, Y, Z axis of the panel. Also, a measurement system for determining the three-dimensional
position of the PFMA end effector relative to the test article was designed.

3.1 Fluid Transfer Demonstration System Hardware

The basic items of hardware at each station are a spherical liquid tank, a spherical gas
pressurant tank, an instrumented task panel with coupling storage (or receptacle) devices attached,
flexible fluid and gas transfer lines, and system valves. To provide portability, each station consist
of a structural framework with a soft-mount cradle to support the pressurant and fluid tanks. The
liquid and gas couplings are mounted on a task panel with an outer and inner frame to facilitate the
"joy stick" force sensors, and an A-frame type structure.

The schematic of the gas and liquid flow circuit for the fluid transfer demonstration system
is shown in Figure 3.1-1. This system provides for the simulation of transfer of both gas and
liquid. A capability for remote leak checking of the fluid connectors in both the demated and mated
configurations is provided. The liquid lines can be remotely purged of liquid after liquid transfer
and prior to storage of the servicer half on the fluid connector.

3.1.1 Structural Framework

The fluid transfer system consists of two free-standing support frameworks, one frame for
the servicer task panel (supply side) and one frame for the receiver task panel (resupply side). The
frameworks are identical in dimensions, but are of opposite hand orientation. Figure B-2, in .
Appendix B, is a mechanical assembly drawing (Drawing No. ST5396-01) defining the frame at
the receiver task panel. The structural framework consists of a 1.50 inch square tubular
framework of steel, welded construction, with two valve panels and one electronic equipment
mounting panel bolted to the frame. Not shown on this drawing is the structural cradle support for
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the gas and fluid spheres. Flexible fluid, gas and helium lines interface the two systems through
either liquid/gas couplings or via quick-disconnects such that each system framework is
independent f